This paper is the second in a series where we report the results of the long-term timing of the millisecond pulsars (MSPs) in 47 Tucanae with the Parkes 64-m radio telescope. We obtain improved timing parameters that provide additional information for studies of the cluster dynamics: a) the pulsar proper motions yield an estimate of the proper motion of the cluster as a whole (µ α = 5.00 ± 0.14 mas yr −1 , µ δ = −2.84 ± 0.12 mas yr −1 ) and the motion of the pulsars relative to each other. b) We measure the second spin-period derivatives caused by the change of the pulsar line-ofsight accelerations; 47 Tuc H, U and possibly J are being affected by nearby objects. c) For ten binary systems we now measure changes in the orbital period caused by their acceleration in the gravitational field of the cluster. From all these measurements, we derive a cluster distance no smaller than ∼ 4.69 kpc and show that the characteristics of these MSPs are very similar to their counterparts in the Galactic disk. We find no evidence in favour of an intermediate mass black hole at the centre of the cluster. Finally, we describe the orbital behaviour of four "black widow" systems. Two of them, 47 Tuc J and O, exhibit orbital variability similar to that observed in other such systems, while for 47 Tuc I and R the orbits seem to be remarkably stable. It appears, therefore, that not all "black widows" have unpredictable orbital behaviour.
INTRODUCTION
The year 2017 marks the 30 th anniversary of the discovery of the first radio pulsar in a globular cluster (GC), PSR B1821−24 (Lyne et al. 1987) . Since then these clusters have been shown to be extremely prolific millisecond pulsar (MSP) factories; the total number of pulsars discovered in E-mail: pfreire at mpifr-bonn.mpg.de
GCs is now 1 149, in a total of 28 Galactic globular clusters (for a recent review, see Freire 2013) , the vast majority of which are MSPs. This makes the GC pulsar population very different from that of the Galactic disk. The total number of radio pulsars in the Galactic GCs is probably of the order of a few thousand (Turk & Lorimer 2013) , most of which have not yet been found because of the insufficient sensitivity and sky coverage of extant radio telescopes. Their discovery will Table 1 . References for the radio work on the pulsars in the globular cluster 47 Tucanae (NGC 104). Pulsars A, B and K do not exist. In boldface, we highlight the five pulsars discovered since 2000. The asterisks indicate the phase-coherent timing solutions determined since 2003. In the second column, we describe the type of system: WD binary implies that the companion is a white dwarf star, BW and RB imply black widow and redback systems respectively, with an (e) indicating our detection of radio eclipses. In the third column we indicate the reference of the discovery, in the fourth column the reference with the first orbital solution precise enough to predict the orbital phase for the whole data set. For instance, Camilo et al. (2000) published approximate orbital parameters for pulsars P, R and W, but these were not precise enough to predict the orbital phase many days in advance. All known binary systems now have well determined orbital parameters. In the penultimate column we indicate the first publication with a timing solution and in the last we list which timing solutions are presented in this work (and whether they are updates or new solutions). probably have to wait for the construction of the Five hundred meter Aperture Spherical Telescope (Smits et al. 2009) or the Square Kilometer Array (SKA, Hessels et al. 2015) .
The globular cluster 47 Tucanae (also known as NGC 104, henceforth 47 Tuc) has a total of 25 known radio pulsars, second only to the GC Terzan 5, which has 37 known pulsars (see e.g., Ransom et al. 2005; Hessels et al. 2006, Cadelano et al. in prep.) . All pulsars in 47 Tuc have spin periods smaller than 8 ms; of these, 15 are in binary systems (see Table 1 ). These discoveries and subsequent timing (see also Table 1 for the references) have enabled unprecedented studies of stellar evolution in GCs (Rasio et al. 2000) , studies of cluster dynamics and even the discovery of ionised gas in the cluster, the first ever detection of any sort of interstellar medium within a GC (Freire et al. 2001c) . In addition, all the pulsars with well-determined positions have been identified at X-ray wavelengths Grindlay et al. 2002; Heinke et al. 2005; Bogdanov et al. 2006; Ridolfi et al. 2016, Bhattacharya et al., submitted) and at least 6 companion objects have been identified at optical wavelengths Rivera-Sandoval et al. 2015; Cadelano et al. 2015) .
In the first paper from this series , henceforth Paper I) we described the motivation, observations and data processing of the long-term radio monitoring of the radio pulsars in 47 Tuc with the 64-m Parkes radio telescope. That paper focused on one of the objectives of the long-term timing, the characterization of the elusive binary pulsars 47 Tuc P, V, W and X; for two of those systems (47 Tuc W and X) it was possible to derive phase-coherent timing solutions. Of these systems, 47 Tuc X is especially interesting -it is a binary with an extremely low eccentricity that lies well outside the central regions of the cluster.
In this paper, the second in the series, we present upto-date timing solutions for 20 of the 25 MSPs in 47 Tuc, which include all data from the Analogue Filterbank (AFB, see Section 2). The bulk of the paper is a discussion of some of the implications of the 23 known timing solutions (we also use the solutions for 47 Tuc W and X derived in Paper I, and the timing solution for 47 Tuc aa, to be presented in Freire & Ridolfi 2017, in prep.) .
We discuss the proper motions in Section 3, the new "jerk" measurements in Section 4 and in Section 5 we discuss the variation of the orbital periods for a set of ten binary systems. This includes estimates of the line-of-sight component of the accelerations of the systems in the gravitational field of the cluster, which can be used to determine their true spin-down parameters. In Section 6, we discuss the longterm orbital behaviour of the four "black widow" systems 2 with known timing solutions in 47 Tuc, and in Section 7 we present the detection of the rate of advance of periastron in three MSP-WD binaries and a refined measurement of the mass of the 47 Tuc H binary system. We discuss some of the implications of our results in Section 8 and summarise our findings in Section 9. Camilo et al. (2000) . Each plot shows how the signal-to-noise ratio varies as a function of trial acceleration. These candidates could not be confirmed within the scope of AS23; they were later confirmed by the AS25 survey (see text).
All of these results benefit greatly from the much larger timing baseline presented in this paper in comparison with that in previous publications. They provide information that will be used to produce improved dynamical models of the cluster, a better model of the intracluster gas distribution, and will provide input for stellar evolution models, all of these being strong motivations for the long-term timing of the cluster.
Cluster parameters
In the analysis presented below, we benefit greatly from the new studies of Hubble Space Telescope (HST ) data that have become available since our last study of the cluster potential , these provide much more precise cluster parameters and in some cases entirely new information. McLaughlin et al. (2006) placed the centre of 47 Tuc at right ascension α = 00 h 24 m 5. s 67 and declination δ = −72 • 04 52. 62; they also measured the angular core radius: θ c = 0.347 . A newly available measurement, which will be of great importance for this work, is the 1-D proper motion dispersion for stars at the cluster centre obtained from differential HST astrometry: σ µ,0 = 0.573 mas yr −1 (Watkins et al. 2015a) .
From Eq. 1-34 in Spitzer (1987) , which is accurate to ∼0.5% for clusters where the tidal radius r t is much larger than the core radius r c (such as 47 Tuc, where c = log 10 (r t /r c ) = 2.07, see Harris 1996) , we derive the following expression for the central density:
where we have replaced the spectroscopic radial velocity (RV) dispersion σ 0 with σ µ,0 d (where d is the distance to 47 Tuc) and the core radius r c with θ c d. The distance terms then cancel out; this means that the central density can be determined solely from the aforementioned angular measurements, independently of d. For the σ µ,0 and θ c of 47 Tuc Eq. 1 yields ρ(0) = 1.20 × 10 5 M pc −3 .
For d, we use 4.69 kpc (Woodley et al. 2012) . Other recent assessments place the cluster at very similar distances; for instance, using the (relatively well-trusted) white dwarf (WD) cooling track model, Hansen et al. (2013) derived d = 4.6 ± 0.2 kpc. Using other methods, like the selfconsistent isochrone fits to colour-magnitude diagrams and the eclipsing binary star V69, Brogaard et al. (2017) A possible explanation of this discrepancy is that the σ 0 measurements (generally close to 11 km s −1 ), are biased towards smaller values. Likely reasons for this were discussed in detail in Bogdanov et al. (2016) . Briefly, those authors pointed out that the RV measurements used for comparison were intended to be of single stars, however HST images show that a number of the targeted "stars" actually comprise more than one star of similar brightness. The RV measurements of combined stars tend to be closer to the cluster mean than single stars, so this has the effect of reducing the inferred velocity dispersion and the resultant d. Indeed, when Watkins et al. (2015b) included a larger sample of RV measurements that extend further out from the core of 47 Tuc to compare with their proper motions, they found d = 4.61 +0.06 −0.07 kpc (see their Appendix A, Fig. 9 ), consistent with the larger distances mentioned above.
This issue is crucial for the interpretation of our results. As we will see in Sections 4 and 5, our results also favour this large distance, rather than the smaller kinematic distance estimates. This issue is also crucial, as we shall see, for addressing the question of the presence of an intermediate mass black hole in the centre of 47 Tucanae, which has been repeatedly raised in the literature. For 47 Tuc Y, the AS25 detections were sufficient for the determination of the orbit using the circorbit routine, described by Freire et al. (2001a) . In the right panel, a parabola was fit to the squares of the acceleration as a function of spin period. This is translated (in the left panel) to a best-fitting ellipse (dashed) to the observed accelerations as a function of barycentric spin period, represented by the vertical error bars. This ellipse corresponds to the spin and orbital parameters listed in the bottom right.
DATA REDUCTION
The data analysed here were taken with the Australian 64-m Parkes radio telescope. The observations, receivers and signal-processing systems were described in Paper I. Two filterbank systems were used: the low-resolution 2 × 96 × 3 MHz analogue filterbank and the 2 × 512 × 0.5 MHz highresolution analogue filterbanks, henceforth the lAFB and hAFB, respectively.
Discovery of two millisecond pulsars
Before moving to the bulk of the paper, we report on the discovery of two MSPs, 47 Tuc X and Y. These pulsars, with periods of 4.771 and 2.196 ms (see Fig. 1 ) were initially found in the survey described by Camilo et al. (2000) , but could only be confirmed in a deeper survey briefly described in Freire et al. (2001a) . This used the same software (the SIG-PROC acceleration search routines 3 ) and data (the lAFB data) used in Camilo et al. (2000) . The only difference was that instead of searching 17.5-minute segments of data, each containing 2 23 125-µs-long time samples, it used 70-minute segments, each containing 2 25 time samples; for this reason we designate the former AS23 (where AS means "accelerated search") and the latter AS25. Because of computing limitations, AS25 only covered accelerations from −5 to 5 m s −2 in steps of 0.02 m s −2 , while AS23 covered accelerations from −30 to 30 m s −2 in steps of 0.3 m s −2 . In the case of sources with steady flux density, AS25 has twice the sensitivity of AS23 for pulsars with small accelerations.
Some of the earlier results of AS25 were reported in Freire et al. (2001a) : 47 Tuc T and S (which are always within its acceleration range) were detected enough times to allow the determination of their orbits using the new orbital determination method presented in that paper. Later, 47 Tuc X and Y were confirmed by this survey. These two pulsars were also independently discovered in a parallel search by one of us, N. D'Amico, in Bologna, Italy. Their existence was mentioned for the first time in Lorimer et al. (2003) .
Determination of orbits and timing solutions
For 47 Tuc Y, the AS25 detections were numerous enough to determine the orbit using the period -acceleration method of Freire et al. (2001a) (see Fig. 2 ). The orbit is nearly circular and has a period of 12.52 hours and, assuming a pulsar mass of 1.4 M , a minimum companion mass of 0.141 M . Its parameters were then refined in three stages: 1) finding R Y Z Figure 3 . Full-cycle pulse profiles of 47 Tuc R, Y and Z. The horizontal error bars display the time resolution of the hAFB data.
the correct orbit count using the method described in Paper I (i.e., searching for an orbital period that is the common integer sub-multiple of all differences between times of passage through ascending node), 2) by fitting an orbital model to the variation of the spin period versus time, and 3) fitting pulse times of arrival (ToAs) as a function of time using the TEMPO pulsar timing software 4 ; the ToAs for this pulsar were derived with the pulse profile presented in Fig 3. For 47 Tuc X, a more sophisticated and thorough search of the hAFB data was necessary for determining its orbit and is reported in Paper I, its pulse profile is also presented there. After 2003, the AS23 and AS25 searches were extended to all the hAFB data then available. This resulted in two extra detections of 47 Tuc R, an eclipsing black widow with a minimum companion mass of only 0.0264 M (assuming M p = 1.4 M ) and at the time the binary pulsar with the shortest orbital period known (96 minutes, Camilo et al. 2000) . We then determined a precise orbital period for this system using (again) the orbital count technique described in Paper I. Its pulse profile, based on hAFB data, is displayed in Fig. 3 . This represents a substantial improvement over the previous profile based on lAFB data in Camilo et al. (2000) .
More recently, and using the full hAFB data set, we have been able to detect the isolated MSP 47 Tuc Z (discovered by Knight 2007) enough times to derive a good preliminary ephemeris. Its pulse profile is also displayed in Fig. 3 .
For all these pulsars (R, Y and Z), the subsequent processing was the same. All data were folded using their preliminary ephemerides. This increased the number of detections greatly and led to the determination of even better ephemerides, which in turn allowed even more detections. This iterative process eventually allowed the determination of phase-coherent timing solutions of these pulsars, which are presented here for the first time.
Because the timing solutions of 47 Tuc R and Y were well determined in 2006, both were included in the group of 19 MSPs for which X-ray emission was detected with the Chandra X-ray observatory in Bogdanov et al. (2006) . For 47 Tuc Z, aa and ab, the timing solutions and resulting precise positions were only determined in 2016; their Chandra X-ray analysis is presented in Bhattacharya et al. 2017 (submitted) . The pulsars 47 Tuc R and Y have also been 4 http://tempo.sourceforge.net/ well studied at optical wavelengths. The WD companion of 47 Tuc Y is clearly detected, and it is the second brightest WD after the WD companion to 47 Tuc U (Rivera-Sandoval et al. 2015; Cadelano et al. 2015) .
Updated timing solutions
For this work, all the extant AFB data were de-dispersed and folded anew using the DSPSR routine (van Straten & Bailes 2011) with the best previous ephemerides for 20 MSPs. The resulting pulse profiles were then cross-correlated with a lownoise profile, normally derived from the best detection(s) of each pulsar, using the method described in Taylor (1992) and implemented in the PSRCHIVE software (Hotan et al. 2004; van Straten et al. 2012) .
This resulted in topocentric ToAs which were then analysed with TEMPO, where we used the Jet Propulsion Laboratory (JPL) DE/LE 421 Solar system ephemeris (Folkner et al. 2009 ) to subtract the effect of the motion of the radio telescope relative to the barycentre of the Solar System.
The timing solutions of the isolated pulsars are presented in Table 2 , those of the MSP-WD systems in Table 3 and the solutions of four black widow systems in Table 4 . The TEMPO ephemerides are available online 5 . These solutions describe the data well, with no trends detectable in the ToA residuals, except for slight delays near eclipse phase for some of the eclipsing pulsars ); these are not taken into account in the solutions. The uncertainties presented in all these tables are 1-σ (68%) confidence limits, and were derived using a Monte-Carlo bootstrap routine implemented in TEMPO. In all solutions, we fixed a parallax that corresponds to the assumed distance to 47 Tuc, 4.69 kpc (Woodley et al. 2012 ).
PROPER MOTIONS
In Fig. 4 we display the angular offsets of 22 pulsars in the sky relative to the centre of the cluster. Their numerical values are presented in Tables 2 to 4. The figure does not display 47 Tuc X, which is at a distance of ∼ 3.8 from the centre of the cluster (Paper I). All other pulsars (including Table 2 . Timing parameters for nine of the ten isolated pulsars in 47 Tuc, as obtained from fitting the observed ToAs with TEMPO. For all the pulsars in this and the following tables, the reference epoch is MJD 51600; the 1-σ uncertainties are calculated using a Monte-Carlo bootstrap routine implemented in TEMPO. A fixed parallax value of 0.2132 mas was assumed; the time units are TDB; the adopted terrestrial time standard is UTC(NIST); the Solar System ephemeris used is JPL DE421. Table 3 . Timing parameters for seven of the eight MSP-WD binaries in 47 Tuc, as obtained from fitting the observed ToAs with TEMPO. The eighth MSP-WD system, 47 Tuc X, was already studied in detail in Paper I. The orbital models used are DD (Damour & Deruelle 1985 , 1986 ) and ELL1 (Lange et al. 2001) . For the characteristic age, we either present the median or a 2-σ lower limit. 
2.3(7)
1.665(7) -3.1(1.1) those with new timing solutions) are well within the distance of 47 Tuc C to the centre of the cluster, 1.22 . The Parkes 20 cm beam has a half-power radius of 7 , so this is not a selection effect. As shown by Heinke et al. (2005) , the real cause is mass segregation: this close to the centre the relaxation time is much shorter than the age of the cluster, hence, the pulsars are likely to have reached dynamical equilibrium with the stellar population there.
One of the main benefits of long-term timing is a better determination of the proper motions. In Freire et al. (2001b) , the number and precision of proper motions was small and only the motion of the GC as a whole was detectable. With a few more years of intense timing with the hAFB, some of the proper motions were measured precisely enough to detect relative motions, particularly for 47 Tuc D, E and J .
Because of the increased timing baselines, the proper motions presented in this work (depicted graphically in Fig. 5) are significantly more precise. Although the proper motions themselves are displayed in J2000 equatorial coordinates, the error ellipses are aligned according to ecliptic coordinates, where the measurement uncertainties are least correlated. In Fig. 5 , we display the 17 pulsars for which both proper motion 1-σ Monte Carlo uncertainties (in ecliptic longitude, λ, and ecliptic latitude, β) are smaller than 0.3 mas yr −1 . For these pulsars, the (unweighted) average proper motion is µ α = 5.00 mas yr −1 and µ δ = −2.84 mas yr −1 , and is depicted by the Solar symbol in Fig. 5 . This represents the simplest estimate for the proper motion of the cluster as a whole, and it is consistent with the estimate presented in Freire et al. (2003) : µ α = 5.3 ± 0.6 mas yr −1 and µ δ = −3.3 ± 0.6 mas yr −1 . The standard deviations of the proper motions around this average (σ µ ) are 0.59 mas yr −1 in α and 0.49 mas yr −1 in δ. At a distance of 4.69 kpc (Woodley et al. 2012) , these standard deviations correspond to 13.2 and 10.9 km s −1 respectively. The uncertainty in the mean value is given by σ µ / √ N, where N is the number of measurements (17, in this case). Thus our uncertainties for the mean cluster motion are σ µ α = 0.14 mas yr −1 and σ µ δ = 0.12 mas yr −1 .
An alternative method to estimate the overall motion of the cluster is to require that all observed pulsar proper motions fit within the smallest possible velocity envelope. This corresponds to finding the centre of a circle defined by the proper motions of the three outermost pulsars in the proper motion plot, namely 47 Tuc D, E and U (alternatively we can use 47 Tuc D, N and U; we prefer the former set because the proper motion for 47 Tuc E is known much more precisely). This minimal proper motion envelope is represented by the dashed circle and has a radius of 1.10 mas yr −1 ; at 4.69 kpc this represents a velocity of 24.5 km s −1 , or about half of the escape velocity from the centre of the cluster (∼ 50 km s −1 , e.g., McLaughlin et al. 2006) . The centre of this minimal envelope is at µ α = 5.16 mas yr −1 and µ δ = −2.85 mas yr −1 , represented by a solid dot at the centre of Fig. 5 . This µ α is almost 1-σ consistent with the average estimated above, the µ δ is practically identical to the average. Table 4 . Timing parameters for the four black-widow systems with timing solutions in 47 Tuc, as obtained from fitting the observed ToAs with TEMPO (for the fifth black widow system, 47 Tuc P, it was possible to derive a precise orbit but no phase-coherent solution, see Paper I). For the characteristic age, we either present the median or a 2-σ lower limit. The orbital models used are the ELL1 (Lange et al. 2001) and BTX (D. Nice, unpublished); for the latter the orbital periods are derived from the orbital frequency and presented in square brackets. Line of sight acceleration from cluster field, a ,GC (10 −9 m s −2 ) −11.8(3.7) 
Comparison with optical proper motions
We now compare these numbers with previous literature. Regarding the absolute proper motion, the latest relevant study combines HIPPARCOS and GAIA positions to derive absolute proper motions for five Galactic globular clusters, among which is 47 Tuc (Watkins & van der Marel 2016) . The values they obtain (µ α = 5.50 ± 0.70 mas yr −1 and µ δ = −3.99 ± 0.55 mas yr −1 ) are consistent with our measurement of the average proper motion in α, but in δ the deviation is −2.1 σ, i.e., only marginally consistent. In Section 3.1 of that paper they list previous measurements of the proper motion of 47 Tuc and discuss their consistency, and it is clear that there is some disagreement between the proper motion estimates obtained by different methods. The situation will likely improve significantly with the second release of GAIA data. Our 1-D standard deviations for the proper motions agree with the σ µ,0 obtained by Watkins et al. (2015a) . This result agrees qualitatively with the observation by McLaughlin et al. (2006) that the observed velocity dispersion is largely constant across magnitude range, i.e., it appears to be the same for stellar populations of different masses.
Proper motion pairs?
Given the extreme proximity of 47 Tuc I and G in the sky and in acceleration, there is a suggestion that these pulsars could be in a bound system, with a semi-major axis a p of at least 600 a.u. (Freire et al. 2001b) . Such systems are not stable in 47 Tuc, since their cross section for violent interactions is too large, but they can exist temporarily. If this were the case, then the maximum relative orbital velocity should be of the order of v ∼ GM/a p = 2 km s −1 . At the distance of 47 Tuc, this translates to an upper limit on the difference of proper motions of about 0.09 mas yr −1 . As we can see from Fig. 5 , the difference is of the order of 1 mas yr −1 , ten times larger. We conclude therefore that, despite their proximity, these two pulsars are not in a bound system. Two other pulsars, 47 Tuc F and S, are also remarkably close to each other and have identical DMs. In this case the minimum separation is 3700 a.u., requiring a maximum relative orbital velocity v ∼ 0.8 km s −1 and a maximal proper motion difference of 0.036 mas yr −1 . Interestingly, this is not excluded by our measurements: as we can see in Fig. 5 , the proper motion of 47 Tuc F falls within the 1-σ contour for the proper motion of 47 Tuc S. The latter covers 1.1% of the proper motion surface within the velocity envelope determined above, so that is the probability of coincidence for any given pulsar. Given their spatial proximity, the proper motion coincidence is suggestive of a temporarily bound status.
As mentioned in Freire et al. (2001b) , another test of the bound nature of these systems would be the detection of changes in their line-of-sight accelerations, which will produce a second derivative of the spin frequency, f . However, as we shall see in Section 4, the f 's of these pulsars can be accounted for by their movement in the cluster potential. This represents an estimate of the motion of the GC as a whole. The dashed circle represents the minimal possible velocity envelope for these pulsars, its centre (the solid dot at the centre of the plot, at µ α = 5.16 mas yr −1 , µ δ = −2.85 mas yr −1 ) represents another estimate of the proper motion of the globular cluster. This circle has a radius of 1.10 mas yr −1 . At the assumed distance to 47 Tuc (4.69 kpc) this is a velocity relative to the GC of 24.5 km s −1 , or about half the escape velocity from the centre of the cluster.
SPIN PERIOD DERIVATIVES
We will now discuss the measurements of the spin frequency derivatives of the pulsars in 47 Tucanae. Like those of other pulsars in GCs (and unlike the spin period derivatives observed in the Galactic disk) the first spin frequency derivatives for the pulsars in 47 Tuc are mostly caused by dynamical effects. Higher spin frequency derivatives are, within our timing precision, caused entirely by dynamical effects.
First spin period derivative and upper limits on acceleration in the cluster field
The observed variation of spin period P obs is generally given by the following equation:
where P is the observed pulsar spin period, P obs is the observed spin period derivative, P int is the intrinsic spin period derivative, µ is the composite proper motion, d is the distance to the cluster (the term µ 2 d/c is known as the Shklovskii effect, see Shklovskii 1970) , c is the speed of light, a , GC is the line-of-sight acceleration of the pulsar in the gravitational field of the cluster and a is the difference between the accelerations of the Solar System and 47 Tuc in the field of the Galaxy, projected along the direction to 47 Tuc (a = −1.172 × 10 −10 m s −2 , calculated using the Reid et al. 2014 model for the Galactic rotation). In principle this equation could have other contributions, in particular accelerations caused by nearby stars. However, as shown by Phinney (1993) , even in dense clusters those are very rarely relevant. As we shall see, the dominant term for the pulsars in 47 Tuc is a , GC . For most pulsars, we can only derive an upper limit on this dominant term from P obs /P, since P int is generally not known but is always positive:
these are displayed graphically in Fig. 6 as the triangles pointing down (to emphasise that they represent an upper limit on the cluster acceleration). The solid lines represent the maximum line-of-sight acceleration due to the cluster potential (a , GC, max ) for the analytical model of the cluster described in Freire et al. (2005) . . Line of sight accelerations (a ) as a function of the total angular offset from the centre of the cluster (θ ⊥ ) for the pulsars in 47 Tuc. The inverted triangles represent, for each pulsar system, an upper limit for its acceleration in the field of the cluster, this is determined from P obs (see discussion in Section 5). This is not a measurement of the real acceleration in the field of the cluster because of a contribution from the intrinsic spin period derivative of each pulsar ( P int ). The red error bars represent measurements of the line-of-sight accelerations of 10 binary pulsars (47 Tuc E, H, I, Q, R, S, T, U, X and Y, which are named) determined from their orbital period derivatives, P b,obs . We also plot the maximum and minimum accelerations (a , GC,max ) along each line of sight predicted by the analytical model of the cluster described in Section 4, with distances of 4.69 kpc (solid lines) and 4.15 kpc (dotted lines). We also name the systems with recently determined timing solutions (R, W, Z, aa, ab). The core radius is indicated by the vertical dashed line.
This uses the mass distribution presented in King (1962) for the case where we are near (within ∼ 4 core radii of) the centre of the cluster:
where x is the distance to the centre divided by the core radius r c = θ c d. In this paper we use the ρ(0) defined in eq. 1. Since this is independent of distance, the mass of the cluster within a particular angular distance (i.e., within x core radii, M GC (x)) is proportional to d 3 , so the acceleration at that x is proportional to M GC (x)/d 2 , i.e., proportional to d:
The line-of-sight component of this acceleration, a , GC (x), can be obtained by multiplying a GC (x) by /x, where is the distance (also in core radii) to the plane of the sky that passes through the centre of the cluster (Π), such that x = 2 + x 2 ⊥ and x ⊥ = r ⊥ /r c ≡ θ ⊥ /θ c . For each pulsar line-of-sight (characterized by a constant angular offset from the centre, θ ⊥ ), we calculate a , GC (x) for a variety of values of , recording the maximum and minimum values found, a , GC,max ; these are the lines displayed in Fig. 6 . For the line of sight going through the centre, we obtain the largest possible acceleration induced by the field of the cluster:
the numerical factor matches the more general expectation of 1.50 ± 0.15 from Eq. 3.6 in Phinney (1993) . The latter was used to constrain the cluster parameters in Freire et al. (2003) . Apart from d, the predicted a ,GC,max (x ⊥ ) depend only on unambiguous angular measurements, this means that measurements of pulsar accelerations can be used to constrain d, i.e., this is a second kinematic distance measurement.
None of the pulsars, including those with recently published solutions (47 Tuc R, W, X, Y, Z, aa and ab, all named in Fig. 6 ) has a value of a ,max that is significantly larger than the model a , GC, max for its line of sight. The magnitude of the a , GC must be significantly larger than the contributions from P int , otherwise a majority of P obs would be positive, while in fact similar numbers of pulsars have negative and positive P obs . For three pulsars, 47 Tuc E, U and X, the a ,max is slightly larger than a , GC, max . For 47 Tuc E and U, . The red dots and error bars represent measurements and uncertainties of the line-of-sight jerks ( a ) for all the pulsars in 47 Tuc. The solid lines display, for each line of sight θ ⊥ , the maximum and minimum theoretical expectations (from Eq. 10) for the line-of-sight jerks caused by the motion of pulsars in the mean field of the cluster ( a , GC,max ). For some pulsars (47 Tuc H and U and possibly 47 Tuc J), the observed a is larger than a , GC,max ; this is likely due to the presence of stars near those systems. The core radius is indicated by the vertical dashed line.
this is caused by the contribution of their P int ; as we will see in Section 5, their line-of-sight accelerations are (just about) consistent with the cluster model. For 47 Tuc X, it is likely that the same is happening, although in that case the P b, obs
is not yet precise enough to reach any definite conclusions. However, it is unlikely that the analytical acceleration model described above is still entirely valid at its large θ ⊥ .
Second spin frequency derivative and jerk
For the vast majority of MSPs observed in the Galactic disk there is no detectable timing noise, even with timing precision much better than what we can achieve for the MSPs in 47 Tuc. This means that the large second spin frequency derivatives ( f ) observed for the latter are much more likely to reflect their rate of change of a , normally known as the (line-of-sight) "jerk" ( a ). Rearranging equation (2) in (Joshi & Rasio 1997) , we get:
the approximation is valid since the first term, ( f / f ) 2 , is many orders of magnitude smaller than f / f . According to Phinney (1992) , a has two main physical contributions. The first ( a , GC ) arises from the movement of the pulsar in the potential of the cluster: different positions in the cluster will generally have a different a , GC ; the movement of the pulsar from one to the other will therefore cause a variation of this quantity. The second contribution to a is due to the gravity of nearby stars; this is more significant for denser clusters. Freire et al. (2003) detected the second spin frequency derivative for only one pulsar, 47 Tuc H ( f = 1.6 ± 0.2 × 10 −25 Hz s −2 ). They then estimated the maximum line-ofsight jerk induced by the motion of the pulsar in the mean field of the cluster ( a , GC, max ) and the corresponding f ( f max ) using a slightly modified version of Equation 4.3 in Phinney (1993) :
where v ,max is the maximum velocity of a pulsar relative to the cluster, in this case assumed to be moving along the line of sight through the centre of the cluster. If v ,max is positive (i.e., the pulsar is moving away from us), then a , GC, max (0) is negative, and vice-versa. Freire et al. (2003) used σ 0 ∼ 13 km s −1 as an estimate of v ,max . The f of 47 Tuc H is much larger than the resulting f max , from this they concluded that this system is being perturbed by a nearby stellar companion.
However, that estimate of a , GC, max (and f max ) is not very precise: First, because Eq. 8 applies only to the centre of the cluster; second because, as we have seen in Section 3, individual pulsars can have velocities along any direction that are almost twice as large as σ 0 . Owing to our larger timing baseline T, we are now able to measure a precisely for almost all MSPs in 47 Tuc (see Tables 2 to 4) ; this improvement in measurements of a must be matched by an improvement in the prediction of a , GC, max .
This prediction is obtained from the gradient of a , GC along the direction of the line of sight l ≡ r c where it reaches a maximum, at l = = 0 (i.e. in the plane Π, defined in section 4.1) and then multiplying it by v , max . Near this plane is small, so x = 2 + x 2 ⊥ x ⊥ is basically independent of . In that case, the line-of-sight accelerations can be derived trivially from Eq. 5 multiplied by the projection factor /x ⊥ :
Being proportional to in the vicinity of Π, these line-ofsight accelerations are zero for any object in Π, so the only non-zero spatial derivative of a ,GC in that plane is along its normal: the direction of the line of sight l. This derivative is trivial since Eq. 9 is linear in . Using
, we obtain, for = 0 (not forgetting v , max ):
For the line of sight going through the centre (x ⊥ = θ ⊥ = 0), Eq. 10 cannot be evaluated directly, but the limit of the terms with x ⊥ is −1/3. Thus, in that limit we recover the result of Eq. 8 (with the central density from Eq. 1) for the most extreme a , GC,max :
Apart from v , max these predictions for a , GC,max depend only on angular measurements. In our calculations, we used v , max = v e , the velocity envelope derived in section 3. The comparison between this prediction and the measured jerks is displayed graphically in Fig. 7 . The red dots and red vertical errorbars depict the measurement of the jerks and associated uncertainties. We also plot (in solid black lines) the a , GC, max predicted for each line of sight by our cluster model. Most pulsars have line-of-sight jerks that are smaller than our estimate of a , GC, max for their lines of sight; such jerks can therefore be attributed to the movement of the pulsars in the mean field of the cluster.
However, a few stand out. For 47 Tuc H, the observed f is consistent with that reported in 2003, but 10 times as precise: f = 1.60 ± 0.02 × 10 −25 Hz s −2 ; the corresponding line-of-sight jerk ( a = −1.545(22) × 10 −19 m s −3 ) is much larger (in absolute terms) than | a , GC, max | for that pulsar's line of sight (or any in the cluster), so we come to the same conclusion as Freire et al. (2003) : this system must have a nearby companion. We can now see that this is also true for 47 Tuc U and J. For 47 Tuc M and aa the observed jerks are only ∼1 σ away from the a , GC,max for their lines of sight.
The systems with line-of-sight jerks larger than the maximum cluster mean-field expectation lie at distances from the core of about 1 , not near the centre. Given the larger density of stars near the centre one might expect that larger jerks would occur there, however the predicted meanfield jerks are also larger near the centre. The numerical simulations presented in Prager et al. (2016) suggest that the probability for a jerk from a nearby companion to be significantly larger than the cluster mean-field contribution is relatively flat with distance from the centre of the cluster. This means we are likely to find systems like 47 Tuc H at any distance from the centre.
Third spin frequency derivative
Unlike for the lower spin frequency derivatives, the third and higher spin frequency derivatives, f (n) , can only be caused by the gravitational field of nearby objects. The idea that 47 Tuc H is being influenced by a nearby stellar companion is supported by the fact that it is the pulsar in the cluster for which the measurement of f (3) is most significant, f (3) = (3.8 ± 1.7) × 10 −35 Hz s −3 , a 2.3-σ "detection". Most of the black widow systems also appear to have a non-zero f (3) , but in no case is the measurement more significant than 2-σ. For the other main candidate for a stellar companion, 47 Tuc U, we measure f (3) = (−1.0 ± 1.3) × 10 −35 Hz s −3 ; we therefore did not fit for this parameter in the derivation of its timing solution (Table 3) .
Since the uncertainty in the measurement of f (3) scales with T −9/2 , continued timing will improve these measurements very quickly. The rate of improvement will be even faster for higher frequency derivatives. The measurement of five such derivatives allows a unique determination of the five Keplerian orbital parameters (Joshi & Rasio 1997) ; we would then know whether the 47 Tuc H system and the nearby star are bound or not.
ORBITAL PERIOD DERIVATIVES
One of the quantities that benefits most from prolonged timing is the measurement of the variation of the orbital period, P b . For most of the eclipsing binaries like 47 Tuc V and W (see Paper I) and 47 Tuc J and O (see Section 6), there are unpredictable variations in the orbital period with time, similar to those observed for other eclipsing binaries in the Galaxy (e.g., Shaifullah et al. 2016) ; in these cases we need many orbital frequency derivatives to describe the evolution of orbital phase with time. For the remaining binary pulsars -the MSP-WD systems (47 Tuc E, H, Q, S, T, U, X and Y) and two of the black widow systems (47 Tuc I and R) the phase evolution of the orbit can be described with a period and a period derivative only.
Measurements of accelerations
If the orbital period, P b , in the reference frame of the binary is stable, then we will not be able to measure orbital frequency derivatives higher than 1 st order (unless the system is in a triple -in which case the effects will be much more obvious in the spin frequency derivatives). At the Earth, the observed orbital period derivative will then be given by (Damour & Taylor 1991) : (Manchester et al. 2005) . The newly derived period derivatives for the MSPs in 47 Tuc (in dark blue) place them in the same region of the diagram where the majority of Galactic MSPs occur, i.e., they appear to be normal millisecond pulsars. Based on this sample, we conclude that 47 Tuc does not appear to have young pulsars like some seen in some other globular clusters (red dots).
where all parameters are as in equation (2), except that P b,obs is the observed orbital period derivative and P b int is the intrinsic orbital period derivative. For the MSP-WD systems, the intrinsic variation of the orbital period, P b,int , should be dominated by energy loss due to the emission of gravitational waves. This is expected to be a very small quantity: for the MSP-WD system with the shortest orbital period, 47 Tuc U (P b = 0.42911 d), the orbital decay expected is −1.36 × 10 −14 s s −1 (this assuming that the MSP has a mass of 1.4 M and an orbital inclination i = 90 • ), which is a factor of 2 smaller than the current measurement uncertainty for the P b,obs for that pulsar. The cases of 47 Tuc I and R are discussed in detail in Section 6. Re-writing equation (12), and ignoring the intrinsic term, we can, for each pulsar, calculate the cluster acceleration, since the remaining terms are also known, in particular the proper motion (see Section 3):
These accelerations are presented in Tables 3 and 4 , and depicted graphically as the vertical red error bars in Fig. 6 .
Like the values of P obs /P, they represent important constraints on the dynamics of the cluster. As we can see in Fig. 6 , the accelerations for 47 Tuc S, E and U can (just about) be accounted for by the mass model for the cluster described in Section 4 with a distance of 4.69 kpc. With the kinematic distance (4.15 kpc, represented by the dotted line in Fig. 6 ), this model cannot account for these accelerations. We conclude therefore that our acceleration measurements are not compatible with a d significantly smaller than 4.69 kpc, in agreement with most published distance estimates; they appear to be incompatible with the kinematic distance of 4.15 kpc. A more robust probabilistic estimate of the cluster distance most favoured by our measurements will be presented elsewhere.
Intrinsic spin period derivatives
As we can see from Fig. 6 , the measured values of a , GC tend to be similar, but slightly smaller than a ,max . The difference, as can be seen in equation (3), is due to the contribution from P int . The values of P int can be obtained directly from the observables by subtracting equation (12) from equation (2) and re-arranging the terms (and taking into account the fact that the P b,int are small):
The intrinsic values of P are presented in Tables 3 and 4 . For most of the other pulsars, less constraining upper limits for P int were derived assuming the largest possible negative value of a GC for the line of sight of the pulsar (see Freire et al. 2001b and Freire et al. 2003) .
Although the estimates of P int are not measured with high significance (only a couple of cases, 47 Tuc E and U, are measured with 3-σ significance), they already allow a comparison with the MSPs in the Galaxy. Putting the limits in a P -P diagram (Figure 8) , we see that these pulsars have characteristics (spin-down energy, magnetic fields at the poles, characteristic ages) similar to the majority of MSPs in the disk of the Galaxy. They are very different from some of the "young" globular cluster pulsars (depicted in red), for which the P obs are too large to be explained by cluster accelerations (for a discussion, see e.g., Freire et al. 2011 , Johnson et al. 2013 , Verbunt & Freire 2014 and references therein).
The relatively large relative uncertainties of P int imply that the derived magnetic fields, spin-down powers and characteristic ages of these pulsars still have large uncertainties. In what follows we calculate explicitly the characteristic ages, τ c , or lower limits on them, these are also presented in Tables 3 and 4 and were calculated using τ c = P/(2 P int ). The idea is to compare them with the total ages (τ o ) estimated for the WD companions that have been detected by the HST Rivera-Sandoval et al. 2015; Cadelano et al. 2015) . These estimates agree, i.e., we find no case where τ c << τ o . A similar comparison was done in Rivera-Sandoval et al. (2015) and Cadelano et al. (2015) using preliminary numbers from our timing program. It is interesting to note that the two apparently oldest WD companions, 47 Tuc Q and Y, are those that have the largest lower limits for τ c .
47 Tuc Q
For 47 Tuc Q, P int = (−5.8 ± 9.3) × 10 −21 s s −1 . This means that we cannot specify an upper limit for τ c , since P int could be very small. Its 2-σ upper limit, 1.28 × 10 −20 s s −1 , implies a minimum τ c of 5.0 Gyr.
For a variety of reasons, the τ o for the WD companion of this pulsar is highly uncertain: the cooling age ranges from 0.3 to 5 Gyr (this value depends very sensitively on the mass of the WD), plus ∼ 1 Gyr for the proto-WD phase (RiveraSandoval et al. 2015) . We thus find that an age close to 6 Gyr is preferred for this system.
47 Tuc S
For 47 Tuc S, P int = (1.3 ± 1.0) × 10 −20 s s −1 . Again, no reliable upper age can be derived, but a lower limit for τ c of 1.3 Gyr can be derived from the 2-σ upper limit of P int . The cooling age ranges from 0.1 to 0.4 Gyr, to this we should add up to 0.4 Gyr for the time the companion spent as a proto-WD (Rivera-Sandoval et al. 2015) . This suggests that τ o is not larger than 0.8 Gyr. This is fine since τ c assumes a starting spin period that is much shorter than the present spin period. This is clearly not the case for most MSPs, particularly those with shorter spin periods, meaning that the real age will generally be smaller than τ c .
47 Tuc T
For 47 Tuc T, the timing constraints are not so precise and we get P int = (9.9 ± 8.9) × 10 −20 s s −1 . This implies a 2-σ lower limit τ c > 0.43 Gyr. The estimated τ o is from 0.1 to 0.8 Gyr (Rivera-Sandoval et al. 2015) , consistent with τ c .
47 Tuc U
For 47 Tuc U, P int = (1.82 ± 0.55) × 10 −20 s s −1 , this means we can establish solid lower and upper limits for τ c from the 2-σ upper and lower limits of P int : 2.4 < τ c < 9.4 Gyr. For the WD companion Rivera-Sandoval et al. (2015) derive a τ o between 1.6 -2.1 Gyr, slightly lower than τ c . As for 47 Tuc S, this is fine since τ c represents an upper limit on the age that assumes a very small initial spin period.
47 Tuc Y
For this pulsar P int = (4.7 ± 3.3) × 10 −21 s s −1 , from the 2-σ upper limit of P int we derive a lower limit for τ c of 3.1 Gyr. Rivera-Sandoval et al. (2015) derive a τ o between 3.1 to 3.9 Gyr, in agreement with τ c .
BLACK WIDOWS
There are five black widow pulsars known in 47 Tuc, namely 47 Tuc I, J, O, and R (discussed below) and 47 Tuc P, studied in detail in Paper I. Black widow binary systems are mostly defined by their short orbital periods, small (< 0.05 M ) companion masses, and the detectability of radio eclipses, although not for every system, while on the other hand redback pulsars have more massive companions (> 0.1 M ) and always display eclipses (see e.g. Freire 2005; Roberts 2013 for reviews). The two redbacks in 47 Tuc, i.e. pulsars V and W, were studied in detail in Paper I.
Both types of systems are known for their orbital variability: the orbital period (and sometimes the projected semi-major axis) change unpredictably with time, as seen in long-term timing of some black widow systems (see, e.g., Shaifullah et al. 2016) . Such variability requires the use of the BTX orbital model (D. Nice, unpublished; http:// tempo.sourceforge.net/), which allows a description of the orbital behaviour using multiple orbital frequency derivatives. In order to characterise the orbital variability we also use a method described in Paper I (Section 5.2.1) and in Shaifullah et al. (2016) , where we make multiple measurements of the time of ascending node, T asc as a function of time.
The results can be seen in Fig. 9 , where we depict the orbital phase (and orbital period) evolution with time, and compare the observed T asc with the expectation based on the timing models in Table 4 . The observed orbital phase variations are relatively smooth and are well described by the global models. Table 4 ). In the upper panels of each plot the vertical axis represents ∆ T 0 in the BTX model and ∆ T asc in the ELL1 model. For the lower panels of each plot the vertical axis represents the corresponding change in P b . For the orbit closest to the reference epoch ∆ T 0 ≡ ∆ T asc = 0 and ∆P b = 0. In the case of 47 Tuc J, given the large number of orbital frequency derivatives, the model predicts large orbital phase swings outside the timing baseline; this is not an accurate prediction of the system's orbital phase evolution.
Black widows with large orbital variability
As mentioned before, two of the black widow systems, 47 Tuc J and O, display this characteristic variability. For 47 Tuc J, the orbital period appears to vary by a fraction of 1 ms in a quasi-sinusoidal fashion. Twelve orbital frequency derivatives were thus necessary to correctly model this behaviour within the timing baseline. The orbital period of 47 Tuc O, instead, shows a constant increase until MJD ∼ 54300, then a decrease later. In this case, only three orbital frequency derivatives were necessary to model the variability. This is in part due to the fact that the timing baseline for this pulsar is shorter than for 47 Tuc J. These variations are not caused by any nearby objects, as the motion of the system would be obvious in variations of the observed pulse period.
It is important to note that, for these pulsars, the BTX models are only valid in the time span covered by the available data, i.e. they do not have predictive power and cannot accurately describe the orbital phase evolution outside the timing baseline.
Black widows with small orbital variability
Even with the long timing baseline being considered in this paper, the orbits of 47 Tuc I and R can be described without the need of introducing any orbital frequency derivatives higher than the first (which in these cases we report as P b,obs ). This could be due, to some extent, to lack of timing precision. Looking at Fig. 9 , we can see that the oscillations in ∆T asc for 47 Tuc J are quite small compared to the dispersion of the data points observed in 47 Tuc I and R. If the latter could be timed with the same precision as 47 Tuc J, it is possible that subtle oscillations in T asc (such as those observed for 47 Tuc J) would become detectable.
However, the values of P b,obs /P b for these two systems are remarkably similar to their P obs /P (see Fig. 6 ); they are even slightly smaller as one would expect from a positive intrinsic spin period derivative P int : for 47 Tuc I, we obtain P int = (9.2 ± 4.3) × 10 −20 s s −1 , and for 47 Tuc R P int = (3.1 ± 2.2) × 10 −20 s s −1 , values that are similar to those of the remaining pulsars. This makes it likely that, as in the case of P obs /P, the P b,obs /P b observed in these two systems is mostly caused by the acceleration of the pulsars in the field of the globular cluster, a , GC . These systems have such short orbital periods that, despite the small companion masses, we must take into account an intrinsic variation of the orbital period caused by the emission of gravitational waves. In this case, equation (14) becomes:
Assuming a pulsar mass of 1.4 M and an orbital inclination of 60 • for both pulsars and using the equations in Damour & Taylor (1991) , we obtain for the orbital decay P b,int = −4.8 × 10 −15 s s −1 for 47 Tuc I and P b,int = −7.6 × 10 −14 s s −1 for 47 Tuc R. Inserting these terms in equation 15, we obtain even smaller intrinsic spin period derivatives: P int = (7.8 ± 4.3) × 10 −20 s s −1 for 47 Tuc I and P int = (−1.6 ± 2.2) × 10 −20 s s −1 for 47 Tuc R, implying lower limits on the characteristic ages of both systems of 0.33 and 2.0 Gyr respectively. This means that the agreement between the cluster acceleration and the observed orbital period derivative is even more precise when we take the gravitational wave emission into account. We conclude, provisionally, that the black widow systems come in two flavours, with and without random orbital variability.
NEW DETECTIONS OF THE RATE OF ADVANCE OF PERIASTRON
Another measurement that benefits greatly from a much extended timing baseline is the rate of advance of periastron, ω. For a binary system consisting of two point masses (a reasonable approximation for the MSP-WD binaries in 47 Tuc), this is solely an effect of relativistic gravity. In general relativity, and to leading post-Newtonian order, it depends only on the Keplerian parameters and the total mass of the system M, in solar masses (Robertson 1938; Taylor & Weisberg 1982) :
where T ≡ GM c −3 = 4.9254909476412675 µs is a solar mass (M ) in time units, c is the speed of light and G is Newton's gravitational constant.
To measure this effect, we need a system with a significant orbital eccentricity (e), otherwise it is impossible to measure the longitude of periastron (ω) with sufficient precision to detect its variation with time. For most MSP-WD systems in the Galaxy, e is too small for such a measurement to be feasible. In globular clusters, on the other hand, the stellar density is so high that binary pulsars are perturbed by close encounters with other members of the cluster; this will generally increase their orbital eccentricity (Phinney 1992; Phinney 1993) . The large eccentricities of many binaries in GCs has allowed the measurement of their ω -and consequently, of the binary masses (see e.g.,Özel & Freire 2016 and references therein). However, the perturbations (and corresponding increases in e) are larger for the wider binaries; this implies that, generally, when we are able to measure ω well, then the wide orbit makes it hard to measure other relativistic parameters (these would be useful for determining the individual masses of the components of the binary). There are only two exceptions to date, both products of exchange interactions located in core-collapsed clusters (PSR J1807−2500B in NGC 6544, Lynch et al. 2012 , and PSR B2127+11C in M15, Jacoby et al. 2006 .
Among the known binary pulsars in 47 Tuc, the most eccentric by far is 47 Tuc H (e = 0.0705585 ± 0.0000007), which is also the second widest known in the cluster (P b = 2.3577 d). This orbital eccentricity is 4 − 5 orders of magnitude larger than observed in MSP-WD systems of similar P b in the Galactic disk. For this system, Freire et al. (2003) measured ω = 0.0658 ± 0.0009 • yr −1 (where the uncertainty is the 1-σ error returned by TEMPO). This allowed an estimate of the total mass of the system of M = 1.61 ± 0.03 M (1-σ). Our current value is a factor of five better: ω = 0.06725 ± 0.00019 • yr −1 ; this implies M = 1.665 ± 0.007 M (1-σ). No other relativistic orbital effects are detectable, so it is not possible to determine the individual masses in this binary. However, combining this constraint with the constraint sin i ≤ 1, we obtain M p < 1.49 M and M c > 0.175 M , for the mass of the pulsar and of the companion, respectively.
Although much lower, the eccentricities of most of the MSP-WD systems in 47 Tuc are also orders of magnitude larger than observed among MSP-WD systems with similar orbital periods in the Galactic disk. Because of this, we have made significant (> 3 σ) detections of ω in 3 other systems: 47 Tuc E ( ω = 0.090 ± 0.016 • yr −1 , M = 2.3 ± 0.7 M ), 47 Tuc S ( ω = 0.311 ± 0.075 • yr −1 , M = 3.1 ± 1.1 M ) and 47 Tuc U ( ω = 1.17 ± 0.32 • yr −1 , M = 1.7 ± 0.7 M ). These measurements are, however, not yet precise enough to derive any astrophysically interesting values of the total masses for these systems. Improving them is important, because if we can determine precise total masses for these systems, then we will have good estimates for the masses of these pulsars since their WD companion masses are relatively well known from optical photometry Rivera-Sandoval et al. 2015; Cadelano et al. 2015) .
Another two systems where ω might be detectable in the future are 47 Tuc Q (0.46 ± 0.22 • yr −1 ) and 47 Tuc T (0.30 ± 0.28 • yr −1 ), again two systems for which we have good optical detections of the WD companions. For the remaining MSP-WD systems (47 Tuc X and Y), the orbital eccentricities are too low for a measurement in the foreseeable future.
DISCUSSION

What do the pulsars tell us about the cluster?
The globular cluster 47 Tuc has one of the largest total stellar interaction rates (Γ) among clusters in the Milky Way system (Verbunt & Hut 1987; Bahramian et al. 2013) . A consequence of this is that, following the many exchange encounters, many old, "dead" neutron stars find themselves in binaries with main sequence (MS) companions. Subsequent evolution of these companions causes transfer of gas to the NSs, i.e., the system becomes a low-mass X-ray binary (LMXB). After this, the companion typically becomes a low-mass WD, and the NS becomes a radio MSP. The large number of MSPs in 47 Tuc can therefore be understood primarily as a consequence of the large Γ.
The characteristic ages of the MSPs in 47 Tuc and the optical ages of their WD companions suggest that these systems have been forming at a near-constant rate throughout the age of the cluster, i.e., there is no indication of an early burst of MSP formation (which would make all pulsars look very old). There are also no signs of an ongoing burst of MSP formation either -none of the pulsars in the cluster has a large P int that cannot be accounted for by the cluster acceleration model, none have characteristic ages smaller than about 0.33 Gyr (the lower limit for the age of 47 Tuc I). In this respect, the situation in 47 Tuc offers a stark contrast to that observed in some of the core-collapsed clusters, in particular NGC 6624, where at least three pulsars (out of the six known in that cluster) have characteristic ages smaller than 0.2 Gyr (Lynch et al. 2012) , and in a particular case (PSR B1820−30A) as small as 25 Myr .
The difference between the populations of these clusters reflects fundamentally different dynamics. Although both types of clusters have a similar Γ, the interaction rate per binary, γ (Verbunt & Freire 2014 ) is much higher in NGC 6624 than in 47 Tuc. The fundamental reason for this is the fact that NGC 6624 has a collapsed core.
As already discussed in Paper I, the pulsar population in 47 Tuc has the characteristics one would expect for a GC with a low γ: any newly formed LMXBs evolve undisturbed to their normal outcomes (MSP-WD binaries, black widows and isolated MSPs, as observed in the Galactic disk). All systems have large τ c the moment they form. There are no mildly recycled pulsars -there are currently no companion stars in GCs massive enough (and evolving fast enough) to result in mild recycling, as seen for instance in double neutron star systems and pulsars with massive WD companions in the Galactic disk. This is the likely reason for the remarkably small range of spin periods (1.8 < P < 7.6 ms) for the pulsars in 47 Tucanae. Furthermore, the binary systems in 47 Tuc have relatively small orbital eccentricities compared to what we see in denser clusters, like Terzan 5 and M28 (for even denser clusters, binary destruction sets in, but we do see a few very eccentric survivors). The only "eccentric" binary in 47 Tuc, 47 Tuc H, might have gained its eccentricity from an object orbiting it, not from interactions with other stars.
In clusters with higher γ, we can find a higher percentage of isolated pulsars (from the disruption of MSP-WD systems), mildly recycled -and apparently young -pulsars (from the disruption of X-ray binaries, which leaves the recycling process incomplete) and products of secondary exchange interactions, i.e., exchange interactions that happen after the formation of the MSP. As discussed in Paper I, none of the MSPs in 47 Tuc is clearly the product of such an interaction.
Furthermore, in high-γ GCs we find many pulsars very far from the cluster core. An extreme example is NGC 6752 (D'Amico et al. 2002; Corongiu et al. 2006 ), a core-collapsed cluster where two of the five known pulsars lie at more than 14 core radii from the centre. This phenomenon is common in other core-collapsed GCs and is caused by chaotic binary interactions, which typically have a strong recoil that can propel MSPs to the outer reaches of the cluster. In 47 Tuc, all pulsars but one appear to lie close to the core, their radial distribution being as expected from mass segregation of a dynamically relaxed population (Heinke et al. 2005) . Even for the exceptional system, 47 Tuc X, it is not clear whether there was a recoil in the past (Paper I).
A detailed characterization of the pulsar populations of other GCs will be important for testing this general picture. The pulsar populations in low-γ GCs (like M3, M5, M13, M22, M53, M62, NGC 6749 and NGC 6760) should have characteristics similar to 47 Tuc, thus different from those in the high-γ clusters. This appears to be true Hessels et al. 2007; Lynch et al. 2011 Lynch et al. , 2012 , but it could be refuted (or further confirmed) by timing more of the pulsars in those clusters -and finding new ones.
An intermediate mass black hole in the centre of 47 Tuc?
Recently, the possibility of an intermediate mass (2300 M ) black hole (IMBH) at the centre of 47 Tuc has been raised considering only the P obs of the pulsars (see Kızıltan et al. 2017 and associated Corrigendum) which give us upper limits on the pulsar accelerations (a , max ) via Eq, 3. In this work, we consider not only the a , max , but also measurements of jerk along the line of sight ( a ), and actual measurements of the line-of-sight accelerations in the field of the cluster (a , GC ) for 10 binary pulsars, as discussed in previous sections. This is important because these accelerations are more constraining than the a , max taken into account in Kızıltan et al. (2017) . The simple analytical cluster model described in Section 4 with d = 4.69 kpc can account for all the a , GC despite the fact that these are more constraining than the a , max . In the cases where these are missing, the model can account for all the a , max (from the P obs ) as well. Furthermore, the model also accounts for the jerks observed for all the pulsars that lie (in projection) in the core. Thus, considering all the available observations, we come to the conclusion that using our cluster model we find no clear evidence for the existence of an IMBH at the centre of the cluster: its gravity is not necessary to explain the observations.
As shown in section 4, the cluster distance is crucial for the interpretation of the accelerations. Once we know the standard deviation of the HST proper motions near the centre of the cluster, then the predicted accelerations are proportional to the assumed distance. With the smaller distance assumed by Kızıltan et al. (2017) , which we believe to be an under-estimate (see section 1.1), our cluster model is unable to account for the observed accelerations of 47 Tuc S, E and U.
We must, however, emphasize that this discussion is based on our analytical model, which is not necessarily an accurate description of the actual cluster potential, particularly if a massive black hole is present. A probabilistic estimate of the mass of this hypothetical IMBH will be presented by Abbate et al. (in preparation).
SUMMARY AND CONCLUSIONS
In this paper, we have reported on the discovery of two millisecond pulsars in the GC 47 Tucanae (47 Tuc X and Y) and presented 20 timing solutions for just as many pulsars in the cluster. Seventeen of these are updates of previous timing solutions, with more than 10 years of high-resolution data added, and, in the case of 47 Tuc ab, an extended set of ToAs compared to that of Pan et al. (2016) . The remaining three solutions (for pulsars 47 Tuc R, Y and Z) are presented here for the first time. With the solutions presented in Ridolfi et al. (2016) (for 47 Tuc W and X) and in Freire & Ridolfi(2017) (for 47 Tuc aa), we now have a total of 23 timing solutions.
The large timing baseline with uniform coverage from the high-resolution analogue filterbank at Parkes has produced a great improvement in the measurement of several key parameters for these pulsars, in particular those that are relevant for a study of the dynamics of the cluster. The P obs have been used in previous studies of the mass model of 47 Tuc . In this paper we refine them and present new measurements for pulsars 47 Tuc R, Y and Z. Apart from this, we present several new additional pulsar parameters that are important for a study of the dynamics of the cluster: the proper motions, the real line-of-sight accelerations as determined from the orbital period derivatives and the jerks. All of these will contribute to more detailed analyses such as that done by Prager et al. (2016) for the GC Terzan 5. These should, in particular, be able to a) link the acceleration model with the measured proper motions, something we have not done in this paper, b) provide better probabilistic distance estimates from the acceleration data and c) investigate the probability distribution for the mass of a hypothetical IMBH at the centre of the cluster.
Nevertheless, we can already derive some preliminary conclusions, based on the stellar proper motion dispersion near the centre of the cluster and the analytical cluster acceleration model presented in Section 4: The measurements of acceleration based on P b,obs can be accounted for by this model with a cluster distance of 4.69 kpc. This coincides with most photometric and spectroscopic distances published to date, see e.g. Woodley et al. (2012) and references therein; this suggests that the published σ 0 and the kinematic distances are too small. The likely reasons for this have already been discussed in Bogdanov et al. (2016) and are summarized in the Introduction. If we instead use the smaller distances suggested by kinematic studies then the cluster model is unable to predict the line-of-sight accelerations of three binary pulsars, 47 Tuc E, S, and U.
Regarding the jerks, we find that the cluster potential can also account for most observed jerks, particularly those in the core. Only 47 Tuc H, U and J (which lie well outside the core) have jerks that cannot be explained by any cluster model, these pulsars are clearly being influenced by nearby objects.
The fact that our analytical model with d = 4.69 kpc can account for all observed pulsar accelerations and upper limits and all pulsar jerks in the core means that, with this model, we find no evidence for any excess accelerations near the centre of the cluster such as should be caused by the presence of an intermediate mass black hole.
We have also described the behaviour of the four black widow systems with known timing solutions, 47 Tuc I, J, O and R. Although two of the systems (47 Tuc J and O) exhibit strong variability in their orbital periods, as observed in the long-term timing of other such systems (Shaifullah et al. 2016) , two others (47 Tuc I and R) appear to be stable, with orbital period derivatives that are very similar to those expected from their acceleration in the field of the cluster. This hints at a bi-modal behaviour of the black widow systems. If confirmed by the study of other systems, this is important for a variety of applications: some black widows might be suitable for use in pulsar timing arrays. We can now derive an improved value for the total mass of 47 Tuc H. However, it is not yet possible to measure the masses of the individual components of that system. Furthermore, we have detected the rate of advance of periastron for three more systems (47 Tuc E, S and U), but these are not yet precise enough for astrophysically interesting constraints on the total mass.
